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Aerosol growth by the heterogeneous reactions of
different aliphatic and R,â-unsaturated carbonyls in the
presence/absence of acidified seed aerosols was studied
in a 2 m long flow reactor (2.5 cm i.d.) and a 0.5-m3

Teflon film bag under darkness. For the flow reactor
experiments, 2,4-hexadienal, 5-methyl-3-hexen-2-one,
2-cyclohexenone, 3-methyl-2-cyclopentenone, 3-methyl-2-
cyclohexenone, and octanal were studied. The carbonyls
were selected based on their reactivity for acid-catalyzed
reactions, their proton affinity, and their similarity to the ring-
opening products from the atmospheric oxidation of aromatics.
To facilitate acid-catalyzed heterogeneous hemiacetal/
acetal formation, glycerol was injected along with inorganic
seed aerosols into the flow reactor system. Carbonyl
heterogeneous reactions were accelerated in the presence
of acid catalysts (H2SO4), leading to higher aerosol
yields than in their absence. Aldehydes were more reactive
than ketones for acid-catalyzed reactions. The conjugated
functionality also resulted in higher organic aerosol
yields than saturated aliphatic carbonyls because conjugation
with the olefinic bond increases the basicity of the
carbonyl leading to increased stability of the protonated
carbonyl. Aerosol population was measured from a series
of sampling ports along the length of the flow reactor
using a scanning mobility particle sizer. Fourier transform
infrared spectrometry of either an impacted liquid aerosol
layer or direct reaction of carbonyls as a thin liquid layer
on a zinc selenide FTIR disk was employed to demonstrate
the direct transformation of chemical functional groups via
the acid-catalyzed reactions. These results strongly
indicate that atmospheric multifunctional organic carbonyls,
which are created by atmospheric photooxidation
reactions, can contribute significantly to secondary
organic aerosol formation through acid-catalyzed
heterogeneous reactions. Exploratory studies in 25- and 190-
m3 outdoor chambers were also implemented to demonstrate
the formation of high molecular weight organic structures.
The reaction of ozone with R-pinene to generate secondary
organic aerosols (SOAs) was performed in the presence
of background aerosol consisting of a mixture of wood soot
and diesel soot. Results strongly suggest that indigenous
sulfuric acid associated with the combustion of fossil fuels

(e.g., diesel soot) can initiate acid-catalyzed heterogeneous
reactions of SOAs on the particle phase.

Introduction
Gas-phase reactions of volatile organic compounds (VOCs)
associated with photochemical oxidant cycles have been of
great interest in predicting O3 concentrations and, more
recently, secondary organic aerosol (SOA) formation. SOAs
are a major contributor to fine particulate matter (PM2.5) and
have potentially negative health effects. In particular, it is
believed that the potency of a mixture of environmental
chemicals in the particle phase, such as organic/inorganic
multicomponents, may be greater than its constitutive parts
(1). At the regional scale, SOA formation may contribute to
the formation of visibility-reducing haze (2, 3). SOA can affect
the earth’s radiative balance (4, 5) directly by altering the
scattering properties of the atmosphere and indirectly by
changing cloud properties.

Biogenic terpenes from terrestrial vegetation (6-17) and
aromatics from anthropogenic sources (18-20) are known
to be SOA precursors. The gas-phase photooxidation reac-
tions of these VOCs generate large amounts of multifunctional
organic carbonyls (14-17, 19, 20), which are potentially toxic
(21-24). Carbonyls also serve as an important source of
organic peroxy and peroxyacyl nitrates via gas-phase pho-
tooxidation reactions in the presence of NOx (15). However,
little is known about the heterogeneous chemistry of
atmospheric carbonyls in the aerosol phase, their overall
importance with respect to SOA formation, or how they
change as particles age. Our previous studies (1, 25) strongly
suggest that carbonyl species can be further transformed via
acid-catalyzed heterogeneous reactions between the gas
phase and atmospheric particulate matter. The outcome is
an increase in SOA mass because the new heterogeneous
aerosol reaction products have relatively low vapor pressures
and the reaction leads to additional partitioning of the parent
compounds from the gas to the particle phase.

Principal candidates for atmospheric acid catalysts are
sulfuric acid (H2SO4) and nitric acid (HNO3), which are
produced through the oxidation of SO2 and NOx emitted from
fossil fuel combustion (26-28). Unlike HNO3, the H2SO4 exists
dominantly in the atmospheric particle phase since H2SO4

is much less volatile under ambient atmospheric conditions
than HNO3. Most work focusing on inorganic nitrate and
sulfate components neglect the organic aerosol fraction.
Recently, it has been reported that the reduction of SOA
yields from the R-pinene with ozone depends on electrolytes,
which differently influence the dissolution of organic prod-
ucts in water associated with seed aerosols (29). Up to this
point, studies of SOA formation chemistry and kinetics,
however, do not consider inorganic components such as
atmospheric inorganic acids associated with inorganic salts.

In this study, particle growth by accommodation of
different carbonyls onto preexisting seed aerosols was
undertaken in a flow reactor and in a 0.5-m3 Teflon film bag
both with and without H2SO4 as an acid seed particle catalyst.
The objectives of this study were to (i) examine heterogeneous
acid-catalyzed reactions of different carbonyls (e.g., aliphatic
vs R,â-conjugated aldehydes), (ii) observe the formation of
high molecular weight structures in the particle phase via
acid-catalyzed heterogeneous reactions, and (iii) evaluate
the importance of preexisting indigenous acids in combustion
particles for heterogeneous reactions of SOA carbonyls.
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Experimental Section
Flow Reactor. The flow reactor was used to qualitatively
examine the acid catalyst effects on organic aerosol formation
from the different carbonyl species. The experimental flow
reactor used in this study has been reported previously (30).
Briefly, airstreams containing gas and particles were mixed
at the inlet of a glass tube flow reactor (2.0 m length × 2.5
cm i.d.) using multi-angular Teflon inlet plates (1, 25, 29) to
accomplish rapid gas-particle mixing. The flow then im-
mediately entered the main body of the reactor at flow rates
ranging from 2.05 to 2.95 L/min (Reynolds no. 72-105).
Sampling ports were placed every 10 cm along the length of
the flow reactor. Dry air from a pure air generator (AADCO
737, Rockville, MD) was used as a bath gas and for chemical
injections. Figure 1 shows the experimental layout used in
this study and the numbering of the sampling ports in the
flow reactor system. The aerosol population sampled at the
ports spaced sequentially down the flow reactor was observed
in the absence/presence of an acid catalyst. The seed aerosol
was generated using a commercially available large-volume
nebulizer (TSI model 3076 constant output atomizer, St. Paul,
MN) to aspirate aqueous salt solution into the flow reactor.
Two different kinds of seed aerosols were generated; non-
acidic, from a 3.4 × 10-3 M ammonium sulfate [(NH4)2SO4]

solution, and acidic, from 1.7 × 10-3 M (NH4)2SO4 and 2.5
× 10-3 M H2SO4 aqueous solution. Glycerol (9.86 × 10-3 M)
was included in the precursor seed aerosol solution to
facilitate the formation of hemiactal/hemiketal and acetal/
ketal via the reaction of glycerol with carbonyls. Seed aerosols
generated from the nebulizer were diluted with dry air (0.5
L/min). The seed aerosol flow to the flow reactor was
controlled at a flow of about 0.05 L/min.

Carbonyls were introduced into the gas phase of the
reactor by bubbling dry air through an organic saturator at
a flow rate of 1.55-2.45 L/min. The air entering the organic
saturator was heated to 40 °C. Additional clean air at a flow
rate of 0.45 L/min was brought into the inlet of the flow
reactor to help mixing at the inlet (Figure 1). The flow reactor
temperature during the course of the experiments was 297-
298 K, and the relative humidity (RH) was varied from 10 to
15%. Table 1 shows experimental conditions and aerosol
yields from the heterogeneous reaction of carbonyls.

Teflon Film Bag Experiments. The heterogeneous reac-
tions of glyoxal were studied in 0.5-m3 Teflon film bags (2
mil). All the carbonyls, with the exception of glyoxal, were
easily vaporized into the bags. Glyoxal injection to the gas-
phase atmosphere of the chambers was carried out by
volatilizing aqueous glyoxal solution (wt % ) 40) in a hot

FIGURE 1. Flow reactor illustration (not to scale).

TABLE 1. Experimental Conditions and Organic Aerosol Yields for Heterogeneous Reactions of Diverse Carbonyls in the Flow
Reactor with/without an Acid Catalyst: (NH4)2SO4 or (NH4)2SO4-H2SO4 Seed Aerosols Injection with Gas-Phase Carbonyls

date catalyst carbonyls
%
RH

concna

(µL/m3) portb
seed

(nm3/cm3)
particles
(nm3/cm3) Y portb

seed
(nm3/cm3)

particles
(nm3/cm3) Y

3/21/02 H2SO4 2,4-cyclohexadienal 18 6749 7B 1.56E+10 2.60E+10 5.39 7T 1.64E+10 3.52E+10 9.26
3/22/02 non 2,4- cyclohexadienal 20 6798 7B 1.12E+10 1.31E+10 1.53 7T 1.06E+10 1.26E+10 1.47
3/30/02 H2SO4 5-methyl-3-hexen-2-one 13 10718 7B 1.18E+10 1.36E+10 2.11 7T 1.23E+10 1.67E+10 4.95
4/19/02 non 5-methyl-3-hexen-2-one 19 10636 7B 1.25E+10 1.30E+10 0.38 7T 1.13E+10 1.04E+10 -0.11
4/5/02 H2SO4 2-cyclohexenal 14 6774 7B 3.17E+10 3.76E+10 0.99 7T 3.17E+10 3.68E+10 0.86
4/25/02 non 2-cyclohexenal 17 7229 7B 7.90E+09 8.50E+09 0.38 7T 7.90E+09 8.99E+09 0.69
4/12/02 H2SO4 3-methyl-2-cyclopentenone 16 1695 7B 2.67E+10 2.62E+10 -0.47 7T 1.97E+10 2.32E+10 4.45
4/27/02 non 3-methyl-2-cyclopentenone 16 1698 7B 1.18E+10 1.22E+10 0.79 7T 1.02E+10 1.05E+10 0.72
4/6/02 H2SO4 3-methyl-2-cyclohexenone 16 893 7B 3.49E+10 3.43E+10 -0.32 7T 2.72E+10 3.12E+10 2.74
4/26/02 non 3-methyl-2-cyclohexenone 14 889 7B 8.09E+09 8.05E+09 -0.09 7T 6.39E+09 6.93E+09 1.58
4/18/02 H2SO4 octanal 16 1175 7B 1.41E+10 1.61E+10 2.38 7T 1.41E+10 1.76E+10 4.08
5/13/02 non octanal 19 1334 7B 1.12E+10 1.15E+10 0.37 7T 1.12E+10 1.25E+10 1.62

a The units of gas concentrations injected to the flow reactor are µL (liquid volume of an organic compound)/m3 (air volume). It is assumed
that the densities of a organic compound, seed aerosols, and organic aerosols are same as one (g/mL). b See Figure 1 for the port number.
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manifold. Glyoxal, however, is readily polymerized at tem-
peratures >150 °C. So on average, only 2 wt % of the total
glyoxal injection, calculated from density (1.265 g/mL) and
wt % in water solution volatilized into the bag (25). Glyoxal
in the gas phase of the Teflon bag exists as a mixture of
hydrates, monomeric, and oligomeric forms due to the
reactive nature of glyoxal. Prior to the addition of organics,
acidic seed aerosols, which were made of 0.0034 M (NH4)2-
SO4 and 0.005 M H2SO4 aqueous solution, were added to the
Teflon bags. The aerosol was generated using a commercially
available large volume nebulizer (see Flow Reactor section).
The bag temperature was 294-296 K, and the relative
humidity was 45-47% during the course of the reactions.

Outdoor Chamber Experiments. The outdoor chamber
experiments were conducted in dual 25-m3 Teflon film
chambers at the University of North Carolina at Chapel Hill’s
outdoor smog chamber facility, located near Pittsboro, NC
(June 4, 2002) (11-13, 17, 20). Chamber experiments were
conducted under darkness to exclude photochemical effects.
To demonstrate particle-phase heterogeneous reactions of
SOA products in the presence of real background aerosols,
0.32 ppm of R-pinene was reacted with 0.3 ppm of ozone in
the presence of a binary mixture of diesel soot and wood
soot. Wood smoke was introduced first into both chambers,
denoted as east and west chambers, by burning dry yellow
pine in an Arrow catalytic wood stove operated in catalyst
bypass mode (31). Diesel soot was then injected in both east
and west chambers, and ozone was injected to only the east
chamber. R-Pinene was then injected into the east chamber.

The experimental temperature was 295-300 K, and relative
humidity was 46%. The particle mass was collected on 47-
mm Teflon-impregnated glass fiber filters (type T60A20,
Pallflex Products Corp., Putnam, CT) using a filter-filter-
denuder system. The extraction and workup processes have
been reported previously (11, 31). Briefly, the filter samples
were Soxhlet-extracted for 6 h using dichloromethane, and
the denuder samples were rotary-evaporated to 5 mL. Then,
both filter and denuder samples were reduced in a volume
to 200 µL under a nitrogen stream for the further analyses
using a GC/MS.

Materials and Instruments. All compounds except cis-
pinonaldehyde were purchased from Aldrich (Milwaukee,
WI), and are listed in Table 2 along with their calculated
vapor pressures (32-38). The total particle number and size
distribution of the aerosols were monitored with a scanning
mobility particle sizer (SMPS 3936 TSI, Shoreview, MN) linked
to a TSI condensation nuclei counter (3025A, TSI). The SMPS
measured particle size data over a size range of 13.8-697
nm. The aerosol sampling flow was operated at 0.3 L/min
with a sheath air flow rate of 3 L/min. The scanning time and
the residence time (tf) for the aerosol through the internal
plumbing column of the SMPS classifier were 180 and 7.3 s,
respectively. Possible uncertainties in measuring aerosol
populations are (i) particle off-gassing by the dilution sheath
air in the SMPS and (ii) loss of gas-phase organics by
heterogeneous reactions on the walls. The estimated particle
deposition on the flow reactor tube at sampling port 7B and
7T is less than 1%, when the averaged particle geometric

TABLE 2. Molecular Structure and Physical Properties of Carbonyls Used for This Study

a The vapor pressure (p°L) was calculated by (33, 34):

ln P0 )
∆Svap(Tb)

R [(1.8)(1 -
Tb

T ) + (0.8)(ln
Tb

T )] (atm) (A)

where ∆Svap is the entropy of vaporization, R is a gas constant (8.314 J K-1 mol-1), Tb is a boiling point (K), and T is an ambient temperature (K)
for a given organic compound. ∆Svap of an organic compound was calculated using modified Trouton’s method developed by Yalkowsky and
co-workers considering parameters related to molecular geometry and association (35, 36). Boiling points (Tb) of organic compounds were calculated
by a group contribution method originally developed by Joback and Reid (37) with a modified equation and modified group contribution parameters
(38). b Regression method. The Antoine-type equation was used for correlation of vapor pressure as a function of temperature: log p°L (mmHg)
) A + B/T + C log T + DT + ET2 where A-E are regression coefficients for a given compound and T is temperature (K) (32). c From eq 2. The Kp

value was calculated for the carbonyl species used in the flow reactor experiment.
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mean diameter is 50 nm and the total air flow in the reactor
tube is 2.3 L/min.

The analysis of functional group transformations in the
liquid phase was performed using a Fourier transform
infrared spectroscopy (FTIR) (Nicollet Magma 560, Madison,
WI) with a deuterated triglycine sulfate (DTGS) detector. The
individual carbonyls used in the flow reactor and cis-
pinonaldehyde (2 µL) were reacted directly on an ungreased
zinc selenide (ZnSe) FTIR disk (25 mm diameter) by adding
a small amount of aqueous H2SO4 acid catalyst solution (1
wt % H2SO4 aqueous solution), and FTIR spectra were
measured as a function of reaction time. Organic aerosols
were also collected directly on an ungreased ZnSe FTIR disk
by impaction from either the 0.5-m3 Teflon film bags or the
190-m3 outdoor smog chamber. The scan number for the
FTIR was 8, and the resolution was 2 cm-1. The chemicals
injected to the flow reactor were measured through a series
of two impingers (15 mL of acetonitrile) and detected by a
GC/MS. Acid-catalyzed reaction products of cis-pinonalde-
hyde were also applied to the further GC/MS analyses using
a Hewlett-Packard 5890 gas chromatograph (30 m, 0.25 mm
i.d., J&W DB-5 with 0.25 µm film thickness) interfaced to a
5971 mass selective detector. The GC temperature program
for both impinger samples and acid-catalyzed reaction
products of cis-pinonaldehyde was 70 °C for 1 min, 70-120
°C at 8 °C/min, 120-290 °C at 25 °C/min, and 290 °C for 2
min. The temperature program for the filter and denuder
samples from the outdoor smog chamber was 80 °C for 1
min, 80-300 °C at 8 °C/min, and 300 °C for 10 min.

Results and Discussion
The model carbonyl compounds in this study were catego-
rized into three classes: R,â-unsaturated carbonyls, acyclic
four-membered ring exo-carbonyls, and R-dicarbonyls. All
of these three classes of carbonyls are often identified from
photooxidation reactions of either biogenic or aromatic VOCs.
Many of the aromatic photooxidation products include ring-
retaining and ring-opening R,â-unsaturated carbonyls (19,
20). Major carbonyls from R-pinene photooxidation products
include acyclic four-membered ring-exo-carbonyl structures,
such as pinonaldehyde and 10-hydroxypinonaldehyde (7,
11-17). Glyoxal and similar R-dicarbonyls (e.g., methylglyoxal
and 3-hydroxy-2-oxo-propanal) are products of atmospheric
oxidation of aromatics (20) or biogenics such as isoprene
(39). Our previous observations suggest that these carbonyl
species can be further transformed via heterogeneous
reactions between gas phase and atmospheric particulate
matter (1, 25, 30). The effect is a potential increase in SOA
mass because the new aerosol reaction products, which are
different from their original parent carbonyls, have relatively
low vapor pressures (13, 20).

Class I: Acyclic r,â-Unsaturated Carbonyls. Aerosol
Growth Yields. The organic aerosol growth yields (Y) of
different carbonyls by acid-catalyzed heterogeneous reactions
are shown in Table 1. The averaged Y values for port 7B and
7T (Figure 1) are shown in Figure 2 in the presence and
absence of an acid catalyst. The aerosol growth yields (Y) are
defined here as

where VolOA and VolSeed are the volume of the total organic
aerosol and the seed aerosol (µL m-3), iCg is the concentration
(mg/m3) of a gas-phase organic (i) injected to the flow reactor,
and iKp is an absorptive equilibrium-partitioning coefficient
(31, 40). It was assumed that the density of organic aerosol
is the same as the seed aerosol. The unitless aerosol yield (Y)
represents the ratio of the experimental organic mass increase
to theoretically available particle-phase organic mass in

equilibrium partitioning. The iKp in eq 1 is given by

where R is the gas constant (8.314 J K-1 mol-1), MWom is the
average molecular weight (g/mol) of the given organic matter
(om), fom is the mass fraction of the absorptive liquid-like
material, T is the ambient temperature (K), ip°L is the vapor
pressure (mmHg) of a pure compound (i), and iγom

∞ is the
activity coefficient of i at infinite dilution in a given liquid-
like medium. The ip°L of different carbonyls can be calculated
by previously known methods: the group contribution (33-
38) and Antoine regression (32). The ip°L values are shown in
Table 2 along with iKp at 298 K.

The results for aerosol growth yields in Table 1 and Figure
2 indicate that H2SO4 as an acid catalyst accelerates het-
erogeneous reactions of different carbonyls and leads to
significantly higher aerosol yields than in the absence of
H2SO4. The experimental molar ratio of NH3/H2SO4 in the
acidified seed was 0.81, leading to the coexistence of NH4-
HSO4 with H2SO4. This composition also implies that small
amounts of H2SO4 are still available as an acid catalyst in the
seed aerosol. Our recent studies also showed that the
heterogeneous acid-catalyzed reactions of aldehydes are
significantly accelerated as the relative humidity decreases
(30). Future studies at different humidity conditions are
needed along with different NH3/H2SO4 molar ratios to
demonstrate the acid-catalyzing capability of heterogeneous
reaction of organic compounds.

In particular, Table 1 and Figure 2 also show the strong
influence of the functional groups and organic carbonyl
chemicophysical properties on aerosol growth via acid-
catalyzed heterogeneous reactions. In this acid-catalyzed
system, aldehydes (e.g., 2,4-hexadienal and octanal) were
much more reactive than ketones (e.g., 2-hyclohexenone,
3-methyl-2-cyclopentenone, and 3-methyl-2-cyclohexenone),
which eventually resulted in higher aerosol growth. Specif-
ically, the R,â-unsaturated functionality led to higher aerosol
yields compared to aliphatic carbonyls (Table 1 and Figure
2). Possible explanations for the high aerosol yields in the
aldehyde system as compared to the ketone system are the
higher reactivity of aldehydes and the favorable equilibrium
constants for the hydrate form of aldehydes.

The increased aerosol yield from introducing R,â-
unsaturated functionality to carbonyls is due to the proto-

Y ) (VolOA - VolSeed)/(iKpVolSeed
iCg) (1)

FIGURE 2. Organic aerosol yields of different carbonyls in the
presence/absence of an acid aerosol seed catalyst. The aerosol
yields were calculated using eq 1. The error bars, which were
calculated from the SMPS aerosol population data, were determined
at a 0.95 confidence level. On average, the error bars show (14.9%
of a mean.

iKp )
7.501RTfom

106 MWom
iγom

∞ ip°L
(m3/mg) (2)
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nation ability on the oxygen of the different carbonyl species.
As shown in Scheme 1, protonation on the oxygen of R,â-
unsaturated carbonyls leads to an allylic carbocation, which
resonates with a â-position carbocation. Conjugation with
an internal olefinic bond increases the basicity of the carbonyl
due to the stability of the protonated carbonyl (41). Table 2
also shows pKBH+ of the carbonyls used in this study. The
pKBH+ values of R,â-unsaturated carbonyls vary according to
either the length of the conjugation or the substituted groups
on R,â-double bonds. It is known that the linear dienal/
dienone system is a stronger base than the enal/enone
analogue by approximately 1.20 pKBH+ unit. Substituents, R2

and R3, on carbonyl double bonds (Scheme 1) impact pKBH+

values because they can influence the stability of the
â-position carbocation (42). For example, the pKBH+ of
3-butene-2-one is -4.8, and the pKBH+ of the carbonyl (3-
penten-2-one) with a methyl group on the â-position is -3.8.
By introducing two methyl groups on the â-position, the
pKBH+ of 4-methyl-3-penten-2-one is -2.9. This also corre-
sponds to the extent of needed acidity from acid catalysts on
heterogeneous reactions. By introducing a methyl group on

the â-position of 2-cyclohexenone, the pKBH+ drops by about
0.8 units (41). Further detail studies for substituent effects
on organic aerosol yields and the kinetic mechanisms related
to a rate-determining step in acid-catalyzed reactions are
needed.

To confirm the organic aerosol formation in a reduced
organic concentration and a longer time scale (minutes) than
in the flow reactor (seconds), the organic aerosols were also
generated in the 0.5-m3 Teflon film bag in the presence of
acid-catalyzed seed aerosols. The percent organic aerosol
yields for the Teflon film bag experiments are calculated by
the aerosol volume increases normalized by the volume of
the seed aerosol and are reported in Table 3 and Figure 3.
In general, the results from a Teflon film bag corroborate
with observations in the flow reactor. Aldehydes lead
significantly higher aerosol yields than ketones. The linear
dienal such as 2,4-hexadienal resulted in higher organic yield
than a dienal (2-hexenal).

High Molecular Weight Polymeric Structures in Organic
Aerosols. Under our experimental conditions, cationic po-
lymerization can be initiated by a protonation from inorganic

SCHEME 1. Possible Acid-Catalyzed Reactions of an r,â-Unsaturated Aldehyde in the Particle Phase
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acids. For example, it has long been known that R,â-
unsaturated carbonyls are polymerized in the presence of a
strong acid (43, 44) in the bulk phase. Unlike saturated
carbonyls, which react on a carbonyl group (1,2-process),
the electrophilic acid-catalyzed reactions for R,â-unsaturated
carbonyls may react by either a 1,2-, a 3,4-, or a 1,4-process
as shown in Scheme 1. In addition, tetrahydropyran rings
via cyclization (Scheme 1) and large molecules through either
branching or cross-linking can also be formed (43, 44).

FTIR spectroscopy was employed to directly observe
functional group transformation as heterogeneous reaction
progressed. Unlike the bulk-phase reaction, the reaction at
the thin organic layer on the FTIR window (approximate
thickness ∼ 5 µm) more closely simulates the reaction in the
open system such as atmospheric particles. In an open
system, the reactants either evaporate into the gas phase or
proceed onto products, and water molecules are distributed
between gas and particle phases. Figure 4 illustrates the FTIR
spectra of the reaction system of 2,4-hexadienal and 5-methyl-
3-hexen-3-one in the presence of an acid catalyst. Although
not shown here, the other carbonyl systems in the presence
of an acid catalyst showed similar FTIR spectra as illustrated
in Figure 4. Of interest in the FTIR spectra (Figure 4) is band
broadening as the reaction progresses in the condensed
phase. Peak broadening in FTIR spectral bands indicates the
formation of polymer-like large molecules, which contain a
host of diverse structural isomers and conformers.

All acid-catalyzed systems exhibited an O-H stretch at
3100-3600 cm-1, indicating the existence of hydrates of

carbonyls. The carbonyl stretch (1650-1730 cm-1) and the
alkenyl double bond stretch (1620-1650 cm-1) (45) in all
systems also dramatically decrease as the reaction processes
(1, 25). The FTIR bands at 1170 (C-O-C stretch of polymers),

TABLE 3. Organic Aerosol Formation in the 0.5-m3 Teflon Film Bag with an Acid Catalyst

expt date
(mm/dd/yy)a chemicals

seed
(nm3/cm3)

aerosol
(nm3/cm3)

gas concn
(µL/m3)

% aerosol
yieldb

02/18/03 2,4-hexadienal 1.33E+09 1.19E+11 15.7 0.750
02/18/03 5-methyl-3-hexen-2-one 1.55E+09 1.04E+10 15.8 0.056
02/19/03 2-cyclohexenone 1.61E+09 5.62E+09 18.2 0.022
02/18/03 3-methyl-2-cyclopentenone 1.37E+09 5.01E+09 15.4 0.024
0218/03 3-methyl-2-cyclohexenone 1.22E+09 8.68E+09 15.0 0.050
02/18/03 octanal 1.67E+09 2.36E+11 15.4 1.526
02/19/03 2-hexenal 1.80E+09 5.38E+10 15.8 0.330
02/19/03 mesityl oxide 1.69E+09 3.33E+09 21.9 0.007

a The experimental temperature was 294-296 K, and the % RH was 45-47. b The % aerosol yield was calculated by 100 × (aerosol volume -
seed volume)/seed volume.

FIGURE 3. Organic aerosol yields obtained from the 0.5-m3 Teflon
film bag experiments in the presence of an acid catalyst. The error
bars were estimated from the previous 0.5-m3 Teflon bag experi-
mental data for the octanal system under similar experimental
conditions (e.g., the volume of seed aerosols, the concentration of
the gas-phase octanal, and humidity). On average, the error bars
show (32% about the mean at a 0.95 confidence level.

FIGURE 4. FTIR spectra of the acid-catalyzed reaction systems of
2,4-hexadienal and 5-methyl-3-hexen-2-one. The carbonyl (2 µL)
was directly reacted on a ZnSe FTIR window by adding small
amounts of an aqueous H2SO4 catalyst solution (0.1 M, 0.5 µL).

FIGURE 5. GC chromatograms for the cis-pinonaldehyde/acid
catalyst reaction system (top) and the mass fragmentation of product
A at retention time ) 14.9 min (bottom).
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1052 (C-C-O asymmetric stretch of alcohols), 890 (C-C-O
symmetric stretch of polymers; symmetric stretch of alco-
hols), and 578 cm-1 (-OH out of plane or C-C-O deforma-
tion) also strongly confirmed the functional group trans-
formation of carbonyl species in the presence of an acid
catalyst.

Class II: Acyclic Four-Membered Ring exo-Carbonyl.
cis-Pinonaldehyde is a major carbonyl product of R-pinene
photooxidation. Figure 5 shows the GC chromatogram of
cis-pinonaldehyde, which directly reacted in a bulk phase (2
µL) by adding a small amount of aqueous H2SO4 acid catalyst
solution. The GC chromatogram in Figure 5 clearly illustrates
that newly formed products (product A) appeared at retention
time of 14.9 min. The mass spectrum of product A is also
shown at the bottom of Figure 5 with its tentatively identified
molecular structure. Possible acid-catalyzed reaction mech-
anisms of cis-pinonaldehyde are proposed in Scheme 2. The
reaction mechanism for product A is also illustrated in
Scheme 3. The ring strain in four-membered ring of cis-
pinonaldehyde leads to ring-opening structures in the
presence of an acid catalyst. The primary reactions of cis-
pinonaldehyde include cis-trans isomerization, structural

isomerization via ring-opening reactions, and ring-cleavage
reactions forming R,â-unsaturated carbonyls and carboca-
tions, as show in Scheme 2. The cis-trans isomerization is
a strong feature of the ring-opening process of exo-carbonyls
such as cis-pinonaldehyde. Of interest in acid-catalyzed
reactions of cis-pinonaldehyde is the creation of higher
molecular weight products between different carbonyls and
carbocations resulting from hydration, ring-cleavage reac-
tions, aldol condensation, and hemiacetal/acetal formation.
Figure 6 illustrates the time series FTIR spectra in the CdO
stretch region between 1550 and 1950 cm-1 for the cis-
pinonaldehyde/acid catalyst reaction system. The FTIR
spectrum of cis-pinonaldehyde shows only two sharp car-
bonyl stretches at 1722 (aldehyde) and 1705 cm-1 (ketone).
As the heterogeneous reactions progress, high molecular
structures with different CdO and CdC stretches (Scheme
2) are formed, resulting in band broadening in the FTIR
spectra as shown in Figure 6.

Class III: r-Dicarbonyls. Recently exploratory experi-
ments in our lab have shown that glyoxal, a simple R-di-
carbonyl, showed higher aerosol formation yields in an acid-
catalyzed particle-phase environment than aliphatic aldehydes

SCHEME 2. Possible Acid-Catalyzed Reaction Mechanisms of cis-Pinonaldehyde in the Particle Phase
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(25). It is known that biacetyl and methyl glyoxal are rapidly
hydrated and found in fog, clouds, and rain (46, 47). The
presence of these compounds in the particle phase may lead
to additional pathways for other organic species by particle-
phase heterogeneous reactions. In particular, the hetero-

geneous reactions of glyoxal can be easily explained by
hydration and polymerization due to its simplistic structure.
Figure 7 shows the FTIR spectra for organic aerosols from
the heterogeneous reactions of glyoxal in the presence of an
acid catalyst. The carbonyl stretch (1640-1780) in the particle
phase almost disappears, indicating that the carbonyl group
has transformed. As the aerosols age, the relative intensity
of O-H stretch of a hydrogen-bonded alcohol hydroxyl group
at 3100-3600 cm-1 decreases as compared to FTIR bands at
1180 (C-O-C asymmetric stretch of glyoxal polymers) (1,
25, 48). A possible explanation for this relative reduction of
the O-H stretch is that the hydrate forms of glyoxal are
progressively dehydrated and transformed to a polymeric
network structure in the organic aerosol phase.

Outdoor Chamber Evidence. The ozone reaction with
R-pinene to generate SOAs was conducted in the presence
of background aerosols, which consist of a mixture of wood
soot and diesel soot (49). Indigenous sulfuric acid makes up
1.2-5.3% of the mass of the small (mass median diameter
∼40 nm) diesel particles at 40% engine load (28). In our
experimental conditions, it is expected that the SOA formation
from the ozone reaction with R-pinene progressed in the
presence of the indigenous sulfuric acid on the preexisting
particles. Some unsaturated gas-phase constituents of diesel
and wood smoke are reacted with ozone and can also produce
SOA. However, the major components of SOA are from the
ozone reaction with highly reactive R-pinene as evidenced
by the rapid changes in the aerosol mass before and after
R-pinene injection. The mass fraction of the different aerosol
sources was calculated from the TSP, fom, and a tracer for
wood smoke (1H-phenalen-1-one) in both the east and west
chambers. The ratio of wood/diesel/SOA was 0.47:0.19:0.33.

As shown in Figure 8A, the particle-phase products were
analyzed to find evidence for acid-catalyzed heterogeneous
reactions and high molecular weight product formation. First
of all, the most remarkable evidence for acid-catalyzed
heterogeneous reactions is the presence of the isomeric
structures in cis- and trans-forms for either pinonaldehyde
(Figure 8A1) or 10-hydroxypinonaldehyde (Figure 8A2). The
ring opening of four-membered exo-carbonyl ring structures
by acid-catalyzed reaction is necessary in order to obtain the
cis- and trans-isomer. The GC peaks (P1-P5), which range
from 17 to 24 min in the GC chromatogram (Figure 8A), also

FIGURE 6. (A) FTIR spectra of the cis-pinonaldehyde/acid catalyst
system as a function of reaction time. cis-Pinonaldehyde was directly
reacted on a ZnSe FTIR disk by adding small amounts of acid catalyst
aqueous solution. (B) FTIR spectra for CdO stretching region of the
cis-pinonaldehyde/acid catalyst system as a function of reaction
time.

SCHEME 3. Reaction Pathway for Product A (MW 238)

FIGURE 7. FTIR spectra of glyoxal/acid catalyst aerosols and the
SOAs formed from the photooxidation of toluene in the presence
of NOx and 1-propene (20). The organic aerosols were impacted on
the ungreased ZnSe disk. For two different time series, FTIR spectra
of aerosol from the glyoxal/(NH4)2SO4-H2SO4 reaction system (15
and 45 min after aerosol heterogeneous reactions were catalyzed
in the 0.5-m3 Teflon film bag) are shown at the bottom. The toluene
photooxidation was conducted in the 190-m3 outdoor Teflon film
chamber (20).
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support the presence of the particle-phase high molecular
weight structures through the heterogeneous reactions of
SOA carbonyls from the R-pinene-ozone reaction. As shown
in Table 4, these high molecular structures show similar mass
fragmentation patterns, which are characteristic for major
carbonyls, such as pinonaldehyde and 10-hydroxypinonal-
dehyde. Figure 8B also illustrates the mass spectrum of
pinonaldehyde along with the interpretation for the mass
fragmentation peaks. Conclusively, this result verifies that
indigenous sulfuric acid produced from combustion of fossil
fuels (e.g., diesel soot and wood soot) can initiate the acid-
catalyzed heterogeneous reactions on the particle phase.

Figure 7 illustrates a previously reported FTIR spectrum
of SOAs formed from the photooxidation of toluene in the
presence of NOx and 1-propene and then impacted directly
on an FTIR disk (20). The photooxidation of toluene was
conducted in a 190-m3 outdoor smog Teflon film chamber
on May 26, 2000 (20). An interesting feature of the FTIR
spectrum of the photooxidation products of toluene is the
presence of absorption peaks at 852 and 1052 cm-1 similar
to the glyoxal/acid catalyst aerosols at 873 and 1052 cm-1

(Figure 7) and R,â-unsaturated carbonyls/acid catalyst reac-
tion systems (Figure 4). An important note is that the

composition of the SOA from the photooxidation of toluene/
NOx/1-propene did not include sulfuric acid in seed aerosol.
A possible explanation for the same FTIR peaks that are
produced by acid-catalyzed reactions is that dicarbonyls and
R,â-unsaturated aldehydes from photooxidation of aromatics
(e.g., toluene) are much more reactive than aliphatic alde-
hydes, heterogeneously react in the presence of mild acids
(e.g., HNO3, R-oxocarboxylic acids, and oxalic acid), and result
in polymeric structures or hydrates. It is known that the
atmospheric HNO3 is much more volatile as compared to
H2SO4 and mostly present in the gas phase. We have also
observed that reaction of carbonyls with HNO3 on FTIR
windows. However, future study of potential catalytic effects
of HNO3 on particle-phase heterogeneous reactions should
be undertaken due to abundance of HNO3 in the atmosphere.
We believe that these transformations are due to acid-
catalyzed heterogeneous reactions, which can be a potential
contributor to SOA formation in natural systems.
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